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Abstract
We report on the non-trivial nanoscale kinetics of the deposition of novel complex oxide heterostructures
composed of a unit-cell thick correlated metal LaNiO3 and dielectric LaAlO3. The multilayers demonstrate
exceptionally good crystallinity and surface morphology maintained over the large number of layers, as
confirmed by AFM, RHEED, and synchrotron X-ray diffraction. To elucidate the physics behind the growth,
the temperature of the substrate and the deposition rate were varied over a wide range and the results were
treated in the framework of a two-layer model. These results are of fundamental importance for synthesis
of new phases of complex oxide heterostructures.
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Recently, novel many-body phenomena emerging at the oxide-oxide interface have attracted
considerable attention motivated by the intriguing possibility that such interfacial phenomena can
form the basis for new materials with greatly enhanced functionality[1–4]. While the multiple and
coupled degrees of freedom (lattice, spin, charge and orbital) potentially offer a means for manipu-
lating and controlling novel functionalities, an understanding of the mechanisms of layer-by-layer
(LBL) growth of such heterostructures (HSs) with exquisite tunability and quality control still
present a formidable challenge. Naturally the challenge of finding parameters for LBL growth in-
creases manyfold, when the multilayers are subjected to large strain[5], broken translation symme-
tries of the interface, and dimensionality confined to a single unit cell[6]. During the past several
years, extensive work on pulsed laser interval deposition combined with high pressure reflection
high energy electron diffraction (HP RHEED) opened up new prospects for the stabilization of
unusual material phases[7].
Growing unit-cell thin complex oxide HSs in planar geometry is particularly challenging task.
In this letter, we report on LBL growth of novel HSs having unit-cell-thick (uc) repetitions of
correlated metal LaNiO3 (LNO) interlaid with layers of the dielectric LaAlO3 (LAO). The obtained
results demonstrate that the growth kinetics of such 1uc LNO/1uc LAO superlattice (SL) has
several interesting features leading to important fundamental conclusions applicable to growth
of a wider range of complex-oxide HSs. Specifically, our findings elucidate that, in addition
to temperature, modulated flux can be employed as a powerful kinetic handle for the fine-tuned
manipulation of sub-monolayer growth regimes.
The LNO/LAO SLs have been grown on atomically flat TiO2-terminated SrTiO3(001) (STO)
single-crystal substrates prepared by the recently developed wet-etch procedure[8] to minimize
surface and near-surface electronic defects. The PLD system was equipped with a newly developed
high pressure RHEED system operating in the background O2 pressure of up to 400 mTorr, with
an advanced feedback control of the current and a custom developed 12-bit ultra-fast imaging
system with a timing resolution ≤1 msec. We have employed real-time 3D imaging acquired
per laser pulse to monitor both specular and diffuse intensities. By recording the temporal and
thermal evolution of the diffracted intensity during the growth combined with ex-situ atomic force
microscopy (AFM), we were able to obtain exquisite details of the evolution of layer morphology.
At first, we demonstrate the difference between the continuous low-frequency deposition (Figs.
1(a, b)) and interrupted high-frequency (Figs. (1c, d)) growth[7, 9] of the strongly correlated
SLs. Figure 1(a) shows the result of a typical continuous deposition of ∼4 uc thick layer of
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LNO with an imposed slow growth rate defined by the laser frequency of 3 Hz. As seen, the
RHEED specular intensity (RSI) exhibits strong damping right after a few monolayers attesting to
the rapidly increasing surface disorder. The diffuse intensity (inset in Fig. 1(a)) shows a series of
pronounced peaks typical of electrons transmitted through microcrystalline 3D-like islands[10].
The large area 1µm × 1µm AFM scans shown in Fig. 1(b) further corroborate the presence of
pronounced 3D microstructures. Figures 1(c, d) present the results obtained with the deposition
rate increased up to 30 laser-pulses/sec and introduction of a prolonged time-delay (dwell time)
up to 100 seconds between two consecutive unit cells.
As immediately evident from Figs. 1(c, d), such a LBL growth yields perfect coverage and an
excellent morphology (see also auxiliary supplement[11]). We further performed detailed tempo-
ral and temperature (T) dependent studies (from 450oC to 780oC) of the layer coverage during the
growth of a sub-monolayer. The process of nucleation and condensation at high laser frequency re-
vealed a non-trivial T-dependence. Specifically, the initial stage of deposition (area 1 in Fig. 2(a))
is T-independent, within the studied temperature interval, followed by two distinct non-linear T-
dependences in the recovery stage 2 and the saturation stage 3. The origin of this interesting
behavior can be connected to the specifics of the nucleation and condensation processes[12, 13]
at the limit of high supersaturation and flux modulation. Under the conditions in use, the high
nucleation rate results in a small critical nucleus radius[14, 15], ic ∼1, which is on the order of
a unit-cell. Secondly, we emphasize that a significant increase in the laser frequency pumps the
ablated material into the vicinity of the substrate and thus further enlarges the supersaturation that
scales with the mass density (for more data see auxiliary supplement[11] and Ref.[16]).
To corroborate the results deduced from the diffraction data, we have performed ex-situ AFM
imaging of the surface morphology by interrupting the growth at ∼0.3, 0.5 and 0.7 of layer cov-
erage, θ. The obtained morphological progression is shown in Figure 2(b). As seen in Figure
2(b-left), low layer coverage, ∼0.3θ, (stage 1) is characterized by a large number of small-scale
non-percolated islands which are characteristic of immobile clusters with a large density. At the
half coverage step, 0.5θ, (Fig. 2(b-center)) a characteristic wavy pattern of the deposited material
has been observed, which is the result of islands coalescing to form a low-dimensional percolated
structure. This structure can possibly be described in the framework of the diffusion-limited ag-
gregation theory[14]. As the deposition continues (see Figure 2(b-right)), the growth approaches
the layer completion, 0.7θ, and looks morphologically imperfect implying that the amount of de-
livered material is not sufficient to fill ’voids’ in the under-layed layer.
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To gain further insight into the kinetics of growth, we have calculated the surface coverage,
θ, and roughness, ∆, in the framework of the bilayer model[10, 17, 18]. We begin with the
general expression for the RSI I(t)[10, 17], I(t) = I0[1− 2θ1 + 2θ2]2, where θ1 and θ2 are the
time-dependent coverages of the 1st and the 2nd atomic layers, respectively, and I0 is a scaling
factor. In addition, the coverage is constrained to θ1 + θ2 = mt, where m is the deposition rate,
which vanishes as the laser is switched off (i.e. m = 0 at t > tE). Next, we set mtE = 1 implying
that θ2, if present during the deposition, should vanish during the dwell time. The corresponding
roughness can be calculated as ∆(t) =
√
θ1(1− θ1 − θ2)2 + θ2(2− θ1 − θ2)2. Under these con-
ditions, the experimental RSI have been used to obtain θ1, θ2 and ∆ as a function of time and
temperature. The results of the numerical treatment are presented in Figs. 3 (a, b). As anticipated
for all the temperatures, the coverage of the 1st layer scales with the deposition time and is clearly
T-independent during stage 1 (see Fig. 3(a)). On the other hand, θ2 shows T-dependence only
as the RSI approaches its lowest value at tM . In addition, the roughness, ∆ shown in Fig. 3(b)
increases rapidly from the start of deposition. Based on these observations, we infer that during
stage 1 the kinetics-driven condensation is dominant over the substrate temperature and is crucial
for the high-quality LBL growth.
Starting from the point tM , the data obtained between 450oC and 780oC are markedly T-
dependent. The SLs grown at around 700oC and above continue the same tendency found in
stage 1, namely the continuing increase of θ1 accompanied by the rapid decline of θ2. In sharp
contrast, for the samples grown at 450oC and 580oC, θ1 becomes progressively slower, and instead
θ2 continues its strong progression. This behavior attests that the temperature-controlled diffusion
becomes a key factor to maintain 2D growth and to suppress the development of 3D islands inher-
ent to the colder deposition. The strong T-dependence of θ2 also implies that for high temperatures
the occasionally grown 2nd level is able to rapidly relax to the 1st level, whereas for colder deposi-
tion this process is strongly suppressed resulting in the rapidly increasing roughness. Additionally,
strong evidence for the new scaling law is deduced from an analysis of the T-dependence of the
RSI after tM . Indeed, the T-independent scaling of stage 1 has now switched to a power law with
exponent exponent β ≈1/4 (further details in auxiliary supplement[11]). This marked difference
can be further explicated from the observation that at tM , θ1 ≈0.5. This specific value is known to
be critical in the 2D percolation problem[12]. At this point the new spatial arrangement appears
and is characterized by a developing long-range order parameter as experimentally evidenced by
the recovering RSI and characteristic morphology of percolated islands shown in Fig 2(b).
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Finally, upon completion of the ablation at t = tE (stage 3 in Fig. 3(a)), the temporal depen-
dence of the coverage changes again. During this relaxation period, θ2 starts decreasing, since the
1st layer recovers at the expense of the 2nd layer. However, this recovery is strongly T-dependent.
As seen, for the low temperature deposition θ1 cannot recover in full, whereas at 700oC the re-
covery is practically complete. During this phase the disorder configuration undergoes yet another
change towards a new power law with β ≈1. The experimental observation of the scaling specific
to a particular mechanism of growth is important, because during each stage the system evolves by
changing only a mean size of the surface disorder and without switching the disorder distribution
function defined by the growth mode[19, 20].
In summary, we have developed the LBL growth of a novel 1u LNO/1uc LAO HS on STO
substrate with excellent morphological quality. We have demonstrated the profound difference
between the kinetics of continuous and interrupted growth of this HS and have investigated differ-
ent stages of sub-monolayer nucleation and growth at the limit of high supersaturation and rapid
flux modulation. These experimental findings are of fundamental and practical importance and
should enable synthesis of unusual metastable material phases of novel ultra-thin complex oxide
heterostructures.
Acknowledgements.
J.C. was supported by DOD-ARO under the Grant No. 0402-17291 and NSF Grant No. DMR-
0747808.
5
[1] A. Ohtomo, D. A. Muller, J. L. Grazul, and H.Y. Hwang, Nature 419, 378 (2002).
[2] Y.-H Chu, L. W. Martin, M. B. Holcomb, M. Gajek, S.-J. Han, Q. He, N. Balke, C.-H. Yang, D. Lee,
W. Hu, Q. Zhan, P.-L. Yang, A. Fraile-Rodrigues, A. Scholl, S. X. Wang, and R. Ramesh, Nature
Mater. 7, 478 (2008).
[3] J. Chakhalian, J. W. Freeland, H.-U. Habermeier, G. Cristiani, G. Khaliullin, M. van Veenendaal, and
B. Keimer, Science 318, 1114 (2007).
[4] J. Chaloupka and G. Khaliullin, Phys. Rev. Lett. 100, 016404 (2008).
[5] Jian Liu, M. Kareev, B. Gray, Jong Woo Kim, P. J. Ryan, B. M. Dabrowski, J. W. Freeland, and J.
Chakhalian, (submitted to Appl. Phys. Lett.).
[6] Jian Liu, M. Kareev, S. Prosandeev, B. Gray, P. J. Ryan, J. W. Freeland, and J. Chakhalian, Appl. Phys.
Lett. 96, 133111 (2010).
[7] G. Rijnders and D. H. A. Blank, in Pulsed Laser Deposition of Thin Films: Applications-Led Growth
of Functional Materials, ed. by R. Eason (Wiley, New York, 2007), pp. 85, 177.
[8] M. Kareev, S. Prosandeev, J. Liu, C. Gan, A. Kareev, J.W. Freeland, Min Xiao, and J. Chakhalian,
Appl. Phys. Lett. 93, 061909 (2008); Jun Zhang, D. Doutt, T. Merz, J. Chakhalian, M. Kareev, J. Liu,
and L. J. Brillson, Appl. Phys. Lett. 94, 092904 (2009).
[9] G. Koster, G. Rijnders, D. H. A. Blank, and H. Rogalla, Appl. Phys. Lett. 74, 3729 (1999).
[10] A. Ichimiya and P. I. Cohen, Reflection High Energy Electron Diffraction (Cambridge University
Press, Cambridge, England, 2004).
[11] See supplementary material at
[12] G. Rosenfeld, B. Poelsema, and G. Comsa, in Growth and Properties of Ultrathin Epitaxial Layers,
ed. by D.A. King and D.P. Woodruff (Elsevier, New York, 1997), p. 66.
[13] B. Chrisey and G. K. Hubler, Pulsed Laser Deposition of Thin Films (Wiley, New York, 1994).
[14] P. Jensen, A.-L. Barabasi, H. Larralde, S. Halvin, and H. E. Stanley, Phys. Rev. E 50, 618 (1994).
[15] V. G. Dubrovskii and G. E. Cirlin, Semicond. 39, 1267 (2005).
[16] N. Combe and P. Jensen, Phys. Rev. B 57, 15553 (1998).
[17] J. Z. Tischler, G. Eres, B. C. Larson, C. M. Rouleau, P. Zschack, and D. H. Lowndes, Phys. Rev. Lett.
96, 226104 (2006).
[18] P. I. Cohen, G. S. Petrich, P. R. Pukite, G. J. Whaley, and A. S. Arrott, Surf. Sci. 216, 222 (1989).
6
[19] M. G. Lagally, D. E. Savage, and M. C. Tringides, in Reflection High-Energy Electron Diffraction and
Reflection Electron Imaging of Surfaces, ed. by P.K. Larsen and P. J. Dobson (Plenum, New York,
1988), p. 138.
[20] M. C. Tringides and M. G. Lagally, Surf. Sci. 195, L159 (1988).
7
FIG. 1: (Color online) (a) RSI oscillations of LNO/LAO SL (n≈6) grown at T = 730oC, PO2 ∼100 mTorr
and with a laser power density ∼2.2 J/cm2. Continuous deposition with a laser frequency of 3 Hz. (c)
Interrupted growth with a frequency of 30 Hz and a dwell time∼100 sec. Insets: (a,c) RHEED patterns and
(b,d) corresponding AFM images.
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FIG. 2: (Color online) (a) T-dependence of the RSI during the unit cell growth. The red arrows indicate the
start, tS and the end, tE of the ablation. The lowest diffracted intensity is marked as tM . Red, green and
blue circles correspond to ∼0.3, 0.5 and 0.7 coverage. (b) AFM scans (1 × 1µm2) obtained by interrupting
the growth at the corresponding coverage. Since the evolution of disorder configuration during stage 1 is
independent of temperature, the laminae-like pattern is roughly representative of the same surface seen by
RHEED. Insets show the magnified false colored phase-contrast images.
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FIG. 3: (Color online) (a) Temperature evolution of surface coverage, θ1,2 and (b) corresponding layer
roughness, ∆. The stages of growth marked as 1-3 correspond to the same time-intervals in Fig. 2(a).Note,
the difference between the minimum and maximum of RSI is normalized to unity.
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Auxiliary information for ”Sub-monolayer nucleation and growth of complex oxides
heterostructures at high supersaturation and rapid flux modulation”
PACS numbers:
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N = 5 u.c.
[5uc LNO/3uc LAO]x5
(A) (B)
FIG. 1: Auxiliary Supplement: (A) The slow intensity decay along the extended specular (00L) x-ray diffraction rod
demonstrates the highly ordered nature of the surface and interface of the superlattice film structure. The interference fringes
verify the strong coherent layered epitaxy of the film. (B) presents an in-film-plane (HK) reciprocal space map of the (222)film
reflection showing the fully in-plane lattice constraint to that of the SrTiO3 (001) substrate.
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FIG. 2: Auxiliary Supplement: (Color online) A-B. Scaling behavior of the RHEED specular intensity (RSI) as a function
of temperature showing three distinct stages 1-3 characterized by distinct power laws found during the unit cell formation.
Solid lines represent a fit to ln(I/Io) ∝ T β .
11
280
75
70
65
60
T A
 (m
eV
)
180179178177176
Time (s)
Stage 3
FIG. 3: Auxiliary Supplement: (Color online) Evolution of the activation energy, TA during the relaxation stage 3 with
time.
ON TIME DEPENDENCE OF THE RSI.
Even though a theoretical description of the nanoscale growth at the supersaturation (SS) limit is beyond modern
growth theories, the time evolution of the layer coverage can be evaluated analytically. Indeed, we can detail the kinet-
ics of the 2nd layer coverage as follows, dθ2(t)/dt = λθ1(t)− θ2/τ . Here the 1st term implies that the coverage of the
2nd layer scales with the available surface of the 1st layer, because the 2nd layer cannot develop in the vacuum. The
2nd term describes the relaxation of the 2nd layer. Correspondingly, this model involves two phenomenological param-
eters, λ and τ . The model has an analytical solution, which for t < tE reads as θ
(1)
2 (t) = (λm/α)t−(λm/α2) [1− e−αt],
here α ≡ λ + 1/τ, with the 1st non-zero term θ2(t < tE) ∝ t2. During the dwell time (m = 0) the model yields
the exponentially decreasing coverage θ
(2)
2 (t) = θ
(1)
2 (tE) e
−α(t−tE). As before, the corresponding θ1(t) shows that for
t<tE θ1(t) increases linearly while θ2(t) increases quadratically with time. After t = tE , θ1(t) continues growing while
θ2(t) rapidly declines. These model predictions are in accord with the observations.
ON CRITICAL ROLE OF THE LASER FREQUENCY ON GROWTH KINETICS
Here we discuss the critical role of the laser frequency on the kinetics of the early stage of growth beyond the
nucleation timescale. As seen in Fig.A4 there are three distinct time scales tF , 1/f and the time between deposition
and aggregation of particles, tr - all three determining the kinetics of the growth between two consecutive pulses.
First we note that a significant increase in the laser frequency pumps the ablated material into the vicinity of the
substrate. This enlarges the SS which scales with the mass density. After that, a large number of monomers rapidly
appear during the ”flux-on” phase, tF , which for our specific experimental conditions lasts v 10−4-10−3sec[1].The
surface coverage continues to evolve, and continue to evolve, until the monomers reach a steady-state concentration
due to adatom-adatom aggregation.
Under the studied PLD conditions, this diffusion driven aggregation is characterized by the typical relaxation time
tr ∝ 1/DN ∼ 10−2-10−1sec, where the island density, N and the diffusion constant, D are estimated from the fits of
the RSI and data from Ref.s[2, 3]. For the low pulse-rate growth characterized by tF  tr, the monomers rapidly and
within a single ‘flux-on’ period reach the steady-state concentration with no further aggregation occurring between
two consecutive pulses. Upon increasing f beyond 10Hz (i.e. 1/f ∼ 3 × 10−2-10−1sec), the growth crosses into a
new regime where tr ∼ 1/f (see Fig.A4). In this case, the transitional kinetics imposed by the rapid laser pulsing
result in a monomer concentration which does not fully decay during the time between pulses. As a result, it takes
several successive pulses to achieve the steady state. A careful scaling analysis of this transitional kinetics regime
for the island size i=1 also revealed that saturation of island density is independent of diffusion[4, 5]. As shown in
Fig. 2(A), this is in excellent agreement with the observed T-independent behavior of the RSI during the stage 1.
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3FIG. 4: Auxiliary Supplement: (Color online) Timing diagram showing the modulated flux (red bars) and relaxation of the
monomer density (broken lines) (adapted from Ref.[4]).
Notice, upon further increase of the pulse rate (i.e. tF  1/f) the growing system will ‘see’ only an average flux, Fav
and now fall into the regime resembling a continuous MBE-like growth[6]. Based on those observations, we conclude
that pulse-rate plays the role of a new powerful kinetic ’handle’ analogous to temperature albeit without activated
behavior of the latter.
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